This study focuses on the network-based fault estimation and fault-tolerant controller designing for an unmanned surface vehicle submit to actuator faults, along with transmission delays, packet dropouts and packet disordering in the communication network channels between sampler and observer, and between controller and actuator. Compared with manned surface vehicles, unmanned surface vehicles in the network bring certain competitive superiorities as well as challenges. By using an intermediate variable, an observer is devised in network environments to estimate the states and actuator faults of the unmanned surface vehicle simultaneously. A sufficient condition is introduced and proved for the fault observer being uniformly ultimately bounded. Based on the fault observer, a fault-tolerant controller is proposed, which can ensure that the network-based closed-loop control system is uniformly ultimately bounded theoretically. Theoretical analysis and simulation results verify the performance of the fault observer and fault-tolerant control in network environments for an unmanned surface vehicle.
I. INTRODUCTION
Marine vehicles have been widely utilized in military operations, hydrology research, the exploration and construction of oil and gas, marine data collection, transportation, and fishing. Since marine operations are disturbed by waves, wind and currents, numbers of studies on motion control of marine vehicles have been published [1] . The research topics include heading control [2] , [3] , roll stabilization [4] , trajectory tracking control [5] , [6] , model predictive control [7] , path planning [8] , avoidance planning [9] - [11] , containment manipulation [12] , [13] , and fault detection [14] . In addition, dynamic positioning to adjust the course and horizontal position of ships has also caught some attention [15] . For example, literature [16] proposed that the location and coursed control of marine vehicles and marine drilling platform had been solved by using Kalman filter method. The sensor noise had been suppressed by utilizing Kalman filter in [17] . A passive ship dynamic positioning The associate editor coordinating the review of this manuscript and approving it for publication was Dong Wang . controller was addressed in [18] . Using genetic programming, Alfaro-Cid et al. designed a controller for ships in [19] . The control problem of underactuated ships was studied in [20] - [22] .
The intention of this study is to devise an observer to estimate actuator faults and states for the unmanned surface vehicles (USVs), and to design a controller based on the observer to compensate for the actuator faults. The dynamic positioning and control of USV is usually carried out by a distant mother ship/land control station. The USV and control station are link together with a communication network. Thus, the USV, communication networks, and control station compose a network-control system. Since the superiorities of low installation and maintenance cost, high reliability, and flexible structure design, the control systems include communication network are getting improving concern. However, introducing communication networks into control systems may generate package loss, package disordering, and delays. The sensor-to-observer transmission delay has also been consider in [23] . In [24] , packet dropout at controller-actuator channel and sensor-observer channel was described as a Bernoulli random process. The delay, dropout, and disorder of communication networks have been considered in [25] . In this study, we construct a network-based system model that considers both sampler-to-observer and controller-toactuator package loss, package disordering, and transmission delays.
During the working process of USV, it is unavoidably influenced by the external environment. Under the mode of completely autonomous operation, some problems are accompanied by characteristics of completely unmanned and autonomous operation of USVs. A robust controller for ship dynamics and offshore drilling platform positioning had been designed in [26] . Reference [27] had proposed a robust nonlinear coordinated control law for ship dynamic control system under unknown input saturation and time-varying disturbances. Therefore, some achievements have been made in the area for fault diagnosis and fault-tolerant control of network-based systems. The fault detection for the discretetime system was studied in [28] . The reference [29] had considered the instant fault diagnosis for sensing systems in the network environment. Then, in this study we design faulttolerant controller for USVs with network communication.
The main contributions of this study are mentioned below:
• An observer is designed to estimate the actuator faults and states simultaneously for the USV with transmission delays, packet disordering, and package loss in the communication network channels between sampler and observer, and between controller and actuator.
• The estimation of faults has been utilized in the faulttolerant controller for the fault compensation. The closedloop USV under the fault-tolerant control has been proved to be uniformly ultimately bounded even when actuator faults occur.
The structure of this article is shown as follows. The state-space model of the USV in the network environment submit to actuator faults is presented in Section II. Section III presents the designing of the observer and controller. The observer and controller performance is analyzed in Section IV. The conclusion and outlook of this study are drawn in Section V.
Notations: R n denotes the n-dimensional Euclidean space, R q×n is the set of all real matrices of q × n dimension. || · || is the Euclidean vector norm or spectral matrix norm. 0 and I represent a zero matrix and an identity matrix, respectively. The superscripts ''T '' and ''−1'' indicate transpose of a matrix (vector) and the inverse of a nonsingular matrix (scalar), respectively. λ min (M ) and λ max (M ) denote the smallest eigenvalue and largest eigenvalue of matrix M . Notation diag{...} indicates a block-diagonal matrix. L 2 denotes the Euclidean norm.
II. MODELING FOR USV SUBMIT TO ACTUATOR FAULTS IN NETWORK ENVIRONMENT
The dynamic model of the six-degree of freedom USVs which include surge, heave, pitch, sway, yaw, and roll. If the motion of a marine vehicle has components in the transverse axis (directed to the ship's rail) direction, then it is considered asymmetrical motion (sway, yaw, and roll). This study is only considered the asymmetrical motion. The affect of surge, heave and pitch is deemed as disturbance.
The dynamic model in the coordinate system is proposed in Figure 1 , where g denotes the barycenter of the ship. X o is the longitudinal axis, Y o is the transverse axis, and Z o is the normal axis; δ, ψ, v, and φ denote the rudder angle, the heading angle, the speed at which the rudder generates alone, and the angle of roll, respectively; r is the yaw velocity and p is the roll velocity.
From [14] , the transfer functions for the motion can describe as follow
where δ(s), ψ(s), v(s), and φ(s) are the Laplace transformation δ(t), ψ(t), v(t), and φ(t), respectively; ω φ (s) and ω ψ (s) denote the disturbance caused by wave on φ(s) and ψ(s), respectively; T v and T r denote time constants of transfer functions; K vr , K vp , K dv , K dr , and K dp are the given gains; ω n denote the natural frequency under no damping and σ denote the damping ratio. From transfer functions (1) the asymmetrical motion subsystems can be convertd into
where
and ω(t) is hypothesized to pertain to L 2 [t 0 , +∞) with t 0 denoting the initial instant; x 0 ∈ R n is the initial condition; A, B, and E are
where T v , T r , K vr , K vp , K dv , K dr , K dp , σ , and ω n are the same as above.
In comparison with manned surface vehicles, an unmanned surface vehicle in the network brings certain competitive superiorities. In this study, we consider the situation in which the USV is observed/controlled by a motion observed-based controller, see Fig. 2 . The USV is outfitted with a actuator and sampler. The USV and observer-based controller are connected together with the wireless network, which is enables reception of the measured output and transmission of control strategy.
The USV under the working environment may suffer actuator faults, e.g., saturation stuck steering, saturation, and noise/machine-type faults. Hence, an important task is to estimate the fault and to reduce the impact of failure timely. The network-based model of USV construction submit to actuator faults is shown in Fig. 2 . Then, model (2) is transformed into
where y(t) ∈ R l is the measurement output, f (t) ∈ R q is the actuator fault, respectively. E 1 and C T are hypothesized to be full column rank, and the pair (A, C) is detectable.
In this study, an intermediate estimator is devised for system (3) is
where K is a gain matrix to be devised. From (3) and (4) one hasξ
Meanwhile, the fault & state observer for (3) is proposed to be 
wherex(t) ∈ R n is the observer state,ξ is the estimation of ξ ; y(t) andȳ(t) are the sample data received and utilized by the observer and the observer output at the moment the thatŷ was sent, respectively; and L is the observer gain to be devised. In this study, we consider the case in which USV and control station are linked together with a communication network characterized by transmission delays, packet disordering, and packet dropouts. Similarly to [25] , if packet disordering occurs, the disordered packets will be abnegated, and the latest obtainable data package will be adopted by actuator or observer. The sampler, controller, observer, and actuator are hypothesized to be clock synchronized. Fig. 3 shows that the signal transmission for USV suffers sampler-observer and controller-actuator delays, packet disordering, and packet dropouts. The solid line indicates successful package transmission, the dotted denote packet loss, and dash lines is packet disordering.
In Fig. 3 the data had sampled from measured outputs at the instant t k h, t k+1 h, ... are transmitted successfully; h denotes the sampling period length of sampler; denotes the maximum number of coherent packet dropouts occurrences; d k denote the transmission delays between sampler and actuator, d sc k denotes transmission delays between sampler and observer. d m and d M are the lower and upper bound of the sampler-to-actuator transmission delays d(t).
It is assumed that the data packet transmit with time label in the sampler-to-observer channel. For t ∈ [t k h+d k , t k+1 h+ d k+1 ), the sample data received by the observer are timevaring. At the instant t k + d k , the sample data adopt by the observer is possible sent out at time t k h, t k h + h, . . . , t k h + d k /h , where d k /h denotes the maximum integer less than or equal to (d k /h). A resemblant situation occurs in instant t k+1 h + d k+1 . When observer receives a measurement output from sampler, the control station will send the output of controller at instant when this measurement output has sent out from sampler to actuator. When the control input u is obtained by the actuator successfully at the instant t k +d k , the actuator emit an answering signal to the control station. This answering signal is hypothesized the highest communication precedence and its transmission delays can be negligible.
Therefore, for t ∈ [t k h + d k , t k+1 h + d k+1 ), the sampled data adopted by the observer can be selected as
And the control input for the actuator and observer is
whereū(t) is the output of the controller.
Define
Here, the control gain K is designed as
where µ is a scalar to be selected.
III. THE ACTIVE FAULT-TOLERANT CONTROLLER FOR USV
In this section, we design the fault & state observer and then fault-tolerant control for USV. In doing so, some lemmas and assumptions are required. Lemma 1 [30] : For a symmetric positive definite matrix H ∈ R n×n , H = H T > 0, and vector functionẋ : [−r, 0] → R n , the following inequality always holds
.
Assumption 1:
A matrix F exists such that E 1 = BF. Assumption 2: The time-varying actuator faults f (t) satisfẏ f T (t)ḟ (t) ≤ ϑ 2 .
A. THE FAULT & STATE OBSERVER DESIGN
Theorem 1: Given Assumptions 1 and 2, the error system (11) is uniformly ultimately bounded, if for given d m ≥ 0, d M ≥ 0, h ≥ 0, ≥ 0, and ε ≥ 0, there exist symmetric positive definite matrices P, W , Z 1 , Z 2 , R 1 , R 2 , Q, and matrices Y with appropriate dimensions, such that
Then, the observer gain is given by
Proof: Choose a Lyapunov function candidate for error system (11) as:
Here, the cross term is handled by
with ε > 0. From (11) , one can construct the following equation:
Talking into account (12) and (14)- (16), one getṡ
by using Lemma 1, one can geṫ
Define (17), (18) , and (20) , one knowṡ
Furthermore, it is know that
if < 0, it is obtained thaṫ
Denote Σ as the set defined by:
LetΣ be the supplementary set of Σ,
If (e x (t), e ξ (t)) ∈Σ, combining (22) and (25), one concludes thatV
if (e x (t), e ξ (t)) ∈Σ, the pair (e x (t), e ξ (t)) will converge to Σ. In addition, by applying Schur complement, one can obtain that is equivalent to the LMI (13) with Y = WL. This completes the proof.
B. THE FAULT-TOLERANT CONTROLLER DESIGN
The fault-tolerant controller is devised as
We combine (6)-(8), (12) and (26), the oberver is
is a constant vector, the error between the two fault estimations iŝ 
Then, the control gains are given by
Proof: Choose a Lyapunov function candidate for observer system (27) as: From observer (27) , with a symmetric positive definite matrix W 1 =Ŵ −1 1 , one can construct the following equation:
(33)
from (32), (33) and (35), one getṡ
From Theroem 1, a positive scalar η, if t > η exists,
One can knows, if
holds, similar to Theorem 1, LMI (37) ensures the state of observer to be bounded. If Theorem 1 and LMI (37) hold,x(t) and e x (t) are bounded, so x(t) = e x (t) +x(t) is bounded. Multiplying both sides of (36) with diag{Ŵ 1Ŵ1Ŵ1Ŵ1Ŵ1 }, and defininĝ 1 , one knows that (37) equals to (30) . Thus, the proof is completed.
IV. PERFORMANCE ANALYSIS AND DISCUSSION
In this section, we propose the performance of presented fault estimation and suppressing for the network-based systems (2). The system matrices are selected to be the same as [14] . We suppose that d m = 0, d M = 0.03s, h = 0.02s, and = 2. By choosing µ = 1.5, ε = 3, ε 1 = 3 and using LMI (13) and (30) , then G = −0.0707 −0.0654 0.1275 0.0225 0.0020 , We take the disturbance similar as [14] . The disturbance ω ψ (t) = b(s)ω 1 (t), and the disturbance ω φ (t) = b(s)ω 2 (t), where ω 1 (t) is a Gaussian withe noise of which the mean is 0 and variance is 1; ω 2 (t) is a Gaussian white noise of which the mean is 0 and variance is 0.7; the shaping filter b(s) = K ω s s 2 +2σ 0 ω 0 s+ω 2 0 , with K ω = 0.7, σ 0 = 0.8, ω 0 = 1. The fault signal is Then Fig. 4 shows the actuator fault and its estimation. The state responses by only using state feedback of USV with a actuator fault are shown in Fig. 5 , the sway velocity v(t) tends to 0.5m/s, it represent that the USV will deviate from scheduled course, see Fig. 7 , and the response of heading angle ψ(t) is state divergence. The state responses which have utilized the fault-tolerant controller are shown in Fig. 6 . In this picture, one can see that the effect of system state control is improved obviously and the fault-tolerant controller can certain restraining effect to the fault. The effect of states estimation are shown in Figures 8-12 . From the pictures above, one can see that the observer and controller achieve the design requirement. 
V. CONCLUSION
The fault estimation and fault compensation for the USV submit to actuator faults in network environment have been studied. A sufficient condition has been presented and proved for the closed-loop system under FTC being uniformly ultimately bounded.
One limitation of this study is that the design of the control system does not consider the noise suppression. In the future, the active fault-tolerant control will be designed for the dynamic localization model of USVs in network environment submit to sensor faults.
